Object-based theories of visual attention predict that attempting to direct attention to a particular attribute of a visual object will result in an automatic selection of the whole object, including all of its features. It has been assumed, but not critically tested, that the spreading of attention from one feature to another in this manner, i.e. cross-feature attentional (CFA) effects, takes place at object-level stages of processing as opposed to early, local stages. In the present study we disambiguated these options for color-tomotion CFA by contrasting attention's effect on bivectorial transparent versus bivectorial locally paired motion displays. We found that association between features at the global, but not at the local, stage of motion processing leads to cross-feature attentional effects. These findings provide strong psychophysical evidence that such effects are indeed object-based.
Introduction
Visual attention allows one to process selectively (Broadbent, 1958; Desimone & Duncan, 1995) and with a higher resolution (Yeshurun & Carrasco, 1998 ) that part of the visual environment that is most relevant for behavioral goals. Whether attention is best understood as directed to particular locations, features, or objects remains a central question. Increasingly supported object-based theories of attention (Blaser, Pylyshyn, & Holcombe, 2000; Desimone & Duncan, 1995; Duncan, 1984) hold that the units of attentional selection are Ôvisual objects'. The defining prediction of this theory is that, even if an observer attempts to direct attention to a particular feature of a visual object (say, its color), in actuality the whole object, and all of its features (including those that are task-irrelevant, say, its motion), are selected. A recent fMRI study by O'Craven, Downing, and Kanwisher (1999) provided the some of the first direct neurophysiological evidence for the existence of such effects: attention directed to the motion of a face not only activated the motion processing brain area MT, but also FFA, the area thought responsible for processing faces. In what follows, we will use the term Ôcross-feature attention' (cross-feature attentional) to refer to the phenomenon whereby attention purportedly directed to one feature spreads to another.
The stage of visual processing where cross-feature attentional effects take place
The processing stage at which cross-feature attention occurs has not yet been directly investigated. Objectbased theories of visual attention would suggest that cross-feature attention takes place at higher stages of visual processing, after object segmentation. That is, attention acts on an object-level representation and attentional modulation spreads to all the features of this object.
However, an alternative explanation, based on feature-based attention and feature binding at early visual cortical areas, could be that cross-feature attentional effects take place simultaneously at different stages of visual processing. According to this explanation, different features that are co-localized in space and time might be linked already at the local stages of feature processing. Relevant to this, electrophysiological (Motter, 1993) and neuroimaging (Saenz, Buracas, & Boynton, 2002 ) studies have shown that feature-based attention can modulate neural processing throughout the whole hierarchy of visual cortical areas, including the primary visual cortex; and contingent aftereffects that are based on neural adaptation in the early visual cortical areas (Humphrey & Goodale, 1998 ) also evidence associations between features based on spatiotemporal proximity. Thus, since spatiotemporally co-localized visual features might be linked, and featurebased attentional modulation is present throughout all stages of visual processing, one can suppose that spreading of attentional effects between different features can occur simultaneously both at high and at early, local, stages.
The goal of the present study was to dissociate local and global stages of visual processing and to test directly whether spreading of cross-feature attentional modulation can occur at local stages of feature processing.
1.2. Color-to-motion cross-feature attentional effects at the local stage of motion processing
To dissociate cross-feature attentional effects that occur at the local stage from those occurring at the global stage requires a stimulus for which global-stage organization can be manipulated without significant changes to the local processing of the different attributes. To fulfill this requirement, we used two bivectorial dot-field motion stimuli, transparent and locally paired dot motion. The critical and only difference between the two stimuli is the following: in the transparent motion, moving dots are displayed at random locations inside the defined aperture, whereas, in the locally paired dot case, dots are constrained to move in pairs within a miniscule local region, each dot of a pair moving in a different direction (Qian, Andersen, & Adelson, 1994a) . This simple manipulation has a dramatic perceptual effect. As opposed to transparent motion, where the two dot fields moving in different directions are perceived as two superimposed surfaces sliding past each other, in the case of locally paired motion, the two dot fields are not segmented into two separate surfaces and generate the percept of a single surface moving with the vector average velocity of the two component vectors (Curran & Braddick, 2000) .
Importantly, both electrophysiology (Qian, Andersen, & Adelson, 1994b ) and functional imaging (Heeger, Boynton, Demb, Seidemann, & Newsome, 1999 ) studies with bivectorial opposite-direction locally paired motion provide evidence that local pairing does not affect the processing of the component motion vectors in V1, believed to be the neural locus of local motion processing. It has however, a strong inhibitory effect on the neural activity in MT, where the integration of the local motion signals takes place. Therefore, by affecting motion integration at the global stage without altering the processing at the local motion stage, local pairing fulfills the above posed requirement for isolating local crossfeature attentional effects (cross-feature attentional).
We studied color-to-motion CFA modulation by measuring the changes in the magnitude of the motion aftereffect (MAE) that resulted by attending to the color of one or the other motion component of a transparent or locally paired motion stimulus during adaptation. In transparent displays, the dots, and their attributes, comprising each of the two dot fields are associated with different surfaces and, accordingly, with different local and global motion directions. In locally paired dot displays, however, these dot attributes are associated with different motion directions only at the local motion stage; globally, they are integrated into a single surface that moves in the vector average direction and speed of the two component motion vectors. Thus, in the case of locally paired motion, the difference in the strength of the MAE that results from the comparison of attending to the color of one or the other dot field is a measure of color-to-motion CFA effects that occur at the local stage of motion processing.
Methods

Observers
Two authors (WS and ZV), and two na€ ıve observers participated in the experiments. All observers had normal or corrected-to-normal visual acuity.
Stimuli
Each trial consisted of two parts: adaptation and MAE test. During adaptation, observers fixated a central point while viewing two populations of random, limited lifetime (200 ms) dots (each subtending 3.6 min of arc) drifting at 0.8 deg/s against a black background within a 6.5°-diameter circular aperture. Half of the dots (n ¼ 50), called ''effectors'', moved along 0°(rightward). The other half, ''contenders'', (n ¼ 50) moved orthogonally. Contender dots alternated direction every 4 s between +90°and )90°. Effectors and contenders were also differentiated by color, red and green, randomly assigned across sessions. Since the direction of contender dots was balanced over time, any directional MAE was induced by the effector population.
During adaptation, which lasted 80 s, 60% of dots within each group occasionally increased their luminance for 200 ms. These luminance-change ''events'' occurred 20 times per block for each dot group, independently of each other. In the transparent display, each dot in each group was randomly located ( Fig. 1(a) ). In the locally paired dot display, each effector dot was paired with a contender dot at close proximity; their moving trajectories were limited within 0.16°( Fig. 1(b) ), determined by the dots' lifetime and speed. The MAE test consisted of a static field of 100 randomly placed dots, identically colored to the effectors.
Procedure
Red and green were adjusted for each observer before the experiment to have the same perceptual luminance. Perceptual equiluminance of red and green was obtained in a display where two opposite-motion signals were paired at close proximity. With a fixed luminance of red dots (5.52 cd/m 2 ), subjects adjusted the luminance of green dots until global motion was abolished.
Before the main experiment, the threshold for detecting luminance-increase events was determined for each observer by a staircase designed to reach 70%-correct detection performance. The thresholds were determined separately for transparent and locally paired dot displays. For three observers, these threshold values were used in the main experiment; in order to examine if task difficulty alters trends in the attentional effects, we used a larger luminance change than the determined threshold (by 12%) for one observer (ZS). With this increased luminance change, ZS's performance reached around 85% correct.
In the main experiment, observers adapted to two superimposed motion vectors for 80 s, while instructed to attend to a particular color, and hence the effector dots or to the contender dots (observers were instructed to attend to a particular color, not direction of motion). Observers were instructed to press a key as soon as they detected a luminance-increase event in the attended color-family of dots. Responses within 1 s from the onset time of an event were scored as hits; responses outside this interval were considered false alarms; a miss was scored if the subject failed to respond within the interval (Neisser & Becklen, 1975) . A 600-ms blank screen preceded the MAE test field. The test field of static dots was visible until observers pressed a key when the MAE had decayed, thereby indicating its duration. The next trial began 1 s after the observer's response.
In half of the blocks the effector dots were red and the contender dots were green, and vice versa for the other blocks. Observers performed four 8-trial blocks for each attentive condition (attend to red/green dots) and for each type of adapting stimulus, yielding 32 MAE duration measurements per condition, i.e. 2 color conditions (red/green effectors with green/red contenders) · 2 types of local motion (transparent/locally paired motion). Prior to data collection, each observer went through at least two hours of practice sessions identical to those of the main experiment.
Results
Because no significant effects related to the color of the dots were found, the data from the same condition with differently colored dots are combined and color is ignored in the description of the results.
With transparent stimuli, all observers reported perceiving two transparent surfaces, one comprised of red dots and one green, sliding across one another in orthogonal directions ( Fig. 1(a) ). A strong attentional effect was observed when comparing attend-effector and attend-contender conditions. For all observers, the MAE's were significantly longer when attention was directed to the color of the effector dots during adaptation than when attention was directed to the color of the contender dots (Fig. 2(a) ), despite the considerable variation in the overall MAE duration across observers. The MAE duration in the attend-to-effectors condition is larger than that in the attend-to-contenders condition by a factor that ranges from about 2 to 5, depending on the observer. With locally paired dot stimuli, all observers reported perceiving one bi-colored surface moving in the vector average direction of the two component vectors ( Fig. 1(b) ). The main finding with locally paired motion is that there is no significant difference in the MAE duration between two attentive conditions ( Fig. 2(b) ).
In both transparent and locally paired dot stimuli, observers' performance in detecting luminance events was similar, whether they attended to the effector or to contender dots, indicating equal attentional loads across different conditions (Fig. 2) . Moreover, the luminance increases required to achieve the desired baseline performance (70%) were very similar in the transparent and locally paired dot displays (Table 1 ). Thus, observers were able to attend selectively to one color versus the other equally well in both cases, even though the colored dot fields were not perceptually segregated as two surfaces in the locally paired dot displays.
Discussion
Using orthogonal bivectorial motion stimuli--containing two differently colored dot fields moving in orthogonal directions--we found that selective attention to one or the other color produced differential attentional modulation in the processing of motion vectors only in the case where the two dot fields were segmented into two different surfaces with distinct global motion directions. However, these cross-feature attentional effects disappeared completely in the locally paired motion case because, we argue, the two locally paired dot fields were integrated into a unitary surface with a single global motion direction. This lack of cross-feature attentional effects with locally paired motion was observed even though the two colors were still associated with different directions at the local stage of motion processing; and even though observers were unimpaired in detecting luminance-increment events associated with a particular color. These results provide evidence crossfeature attentional modulation occurs at the global stage of visual processing, and is determined by the association of different features at this stage.
The effects of local pairing on motion processing
Before we turn to our main discussion on the site of cross-feature attentional modulation, it is important to consider and exclude the possibility that the lack of cross-feature attentional modulation in the locally paired motion case is due to the effect of local pairing on the motion processing and adaptation itself. Electrophysiological and neuroimaging studies that investigated the effect of local pairing on the cortical processing of visual motion can shed light on this issue. Physiological studies in macaque (Qian et al., 1994b) have shown that the average response of MT cells to opposite-motion paired stimuli is significantly weaker than to corresponding unpaired motion stimuli. On the other hand, there is no difference between the response of V1 neurons to paired and unpaired stimuli. Analogous findings have been reported in humans using functional magnetic resonance imaging (Heeger et al., 1999) : activity in the human MT complex, but not in V1, is strongly reduced when the opposite-motion stimulus consists of locally paired, as compared to unpaired dots. Although only opposite-motion locally paired vectors were investigated in both of the above studies, it is reasonable to assume that local pairing in the case of orthogonal component directions will have a similar, but probably weaker inhibitory effect, based on the known direction tuning of inhibitory interaction between different direction-selective neurons in MT (Snowden, Treue, Erickson, & Andersen, 1991) . This means that, in the present study, when locally paired orthogonal motion stimuli were used during adaptation, the strength of direction-specific neural responses and, consequently, the strength of motion adaptation in area MT was decreased compared to that obtained in the case of transparent motion. Since there is strong neurophysiological (Martinez-Trujillo & Treue, 2002; Reynolds, Pasternak, & Desimone, 2000) as well as psychophysical (Alais & Blake, 1999) evidence that attentional modulation is most efficient when the stimuli are at low or intermediate intensities, and thus the evoked neural responses are not saturated, one can assume that local pairing should lead to an increase in the magnitude of attentional effects. That is, the possible decrease in the neural activity and reduced neural adaptation during locally paired motion, compared to that during transparent motion, would predict just the opposite of what we observed, and thus cannot account for the absence of cross-feature attentional effects in the case of locally paired motion.
Attentional and binding mechanisms that mediate cross-feature attentional effects
The present study provides strong evidence that cross-feature attentional modulation is mediated by the linkage of different features at the global stage of feature processing, and that cross-feature attentional effects do not occur at the local stage of visual processing. In what follows we will consider the possible attentional and binding mechanisms that could account for these results.
Object-based attentional selection
Let us start with the theory of object-based attentional selection, which can account for the results of the present study. Object-based attentional selection theories (Desimone & Duncan, 1995; Duncan, 1984) would suggest the following explanation for the cross-feature attentional effects. When attention is directed to one of the features (in our case, color) of an object, the object will gain a processing advantage in the corresponding neuronal subsystem that processes the attended feature.
Due to a binding mechanism that links different attributes of the same object, this advantage is then automatically transmitted to the subsystems where the other attributes (in our case, motion) of the selected object are processed.
Accordingly, the theory of object-based attention predicts both the presence of cross-feature attentional effects in transparent motion and the lack of these effects in locally paired motion, as follows: In the case of transparent motion, the two dot fields are segmented as two different surfaces moving in orthogonal directions. Thus, attention to the color of one of the dot fields results in cross-feature attentional facilitation of the motion signal associated with the surface that contains the attended color and also in suppression of the processing of all the features of the unattended surface, including its motion. On the other hand, in the case of locally paired orthogonal motion, the two different motion vectors are integrated into one global motion direction and thus the two differently colored dot fields are perceived as a single surface. Object-based attention is directed to and selects whole surfaces and objects, together with all of their features. Therefore, no differential crossfeature attentional effects are predicted as a result of attending to one or the other population of dots when they belong to the same surface, since the motion associated with that single surface is, obviously, the same in both cases.
Feature-based attention and binding of spatiotemporally co-localized features
Another possible explanation of the cross-feature attentional effects involves feature-based attention and binding mechanisms that link different features, based on their local spatiotemporal concurrence. According to this explanation, attention to a feature, in our case the color of one of the dot fields, results in the attentional enhancement of the processing of this feature throughout the visual hierarchy, including the early stages of cortical processing, as it was demonstrated by electrophysiology (Motter, 1993) , imaging (Saenz et al., 2002) and psychophysics (Morrone, Denti, & Spinelli, 2002) . Based on psychophysical evidence--including those that show contingent aftereffects that originate from early stages of visual cortical processing (for review see Humphrey & Goodale, 1998 )--one can also assume that features with similar spatiotemporal coordinates are bound together starting from the very early stages of visual cortical processing. It follows from the above that the attentional modulation that results from selective attention to a specific feature would spread to other features that are bound with it, based on their common spatiotemporal origin.
However, cross-feature spreading of feature-based attentional modulation via the connections that bind spatiotemporally co-localized features cannot explain the lack of cross-feature attentional effects in the case of local pairing, as was found in the present study. In fact, this explanation would predict that cross-feature attentional modulation takes place simultaneously at all stages, including early local visual processing. One might argue that cross-feature attentional effects were not observed with locally paired motion stimuli in the present study because local pairing interferes with the binding processes and, in turn, with cross-feature spreading of attention. However, it has been shown that orientation-contingent color adaptation, i.e. the McCollough effect, can be evoked even in patients with severe lesions of the extrastriate cortex, based mostly on the processing in area V1. Furthermore, and of more relevance to the present study, we have recently shown that adaptation to locally paired opposite-direction motion (perceived as motionless flicker) can lead to both polarity-and color-contingent local MAEs (Blaser, Papathomas, & Vidny anszky, 2003) . These findings strongly suggest that color and motion are linked at early local stages of visual processing, even in the case of bivectorial locally paired motion; they rebut the argument that the interference on feature binding caused by local pairing is the reason for the lack of cross-feature attentional modulation. Overall, we can conclude that the absence of cross-feature attentional effects in the case of locally paired motion is at odds with the notion that cross-feature attentional effects are based on feature-based attention and binding of spatiotemporally co-localized features.
Location-based attentional selection
The third possibility that should be considered is location-based attentional selection (Treisman & Gelade, 1980) . A location-based account of the cross-feature attentional effects would suggest that, whenever attention is directed to a feature at a given location, it results in an automatic attentional selection of the entire visual input that originates from that location; thus, all the features that are present at or very close to the selected location will be modulated by attention (Shih & Sperling, 1996) . Although spatial selection probably represents the simplest and most appealing explanation for cross-feature attentional effects, the use of superimposed bivectorial motion stimuli in the present study precludes any location-based explanations of our findings. Vald es-Sosa, Bobes, Rodriguez, and Pinilla (1998) and Reynolds, Alborzian, and Stoner (2003) present compelling arguments against the possibility of location-based attentional selection in the case of bivectorial transparent motion, including: (i) The two moving dot fields were superimposed in the same aperture, eliminating the possibility that the observed attentional effects could result from a different spatial distribution of resources. (ii) The limited lifetimes of dots discourage selection of locations of individual dots, because dot locations are constantly changing; in fact, a Ôdying' dot from one surface in one location can be replaced by a Ônewborn' dot from the other surface at close proximity. Additionally, in the task given observers, we deliberately changed the luminance of only 60% of the dots belonging to the attended field, to discourage a strategy of attending to individual dots. Accordingly, locationbased attentional selection in the case of superimposed bivectorial dot field motion stimuli, as well as its involvement in cross-feature attentional effects, is unlikely.
In conclusion, our results provide psychophysical evidence that color-to-motion CFA modulation occurs at the global but not at the local stages of visual motion processing. The findings suggest that it is the binding of different features to the same surface or object, and not their local spatiotemporal concurrence, that determines the spread of cross-feature attentional modulations, which is in agreement with predictions of object-based theories of attention.
